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The dietary protein source of animal feeds directly affects nutrient utilization and subsequent growth performance in weaning animals, particularly in piglets. Soybean meal is the main source of vegetable protein in animal feed due to its low cost and high nutritional value ([@bib5]). However, soybean meal contains several anti-nutritional factors, such as trypsin inhibitor, lectin, α-amylase inhibiting factor and soybean antigens ([@bib13]). These anti-nutritional factors attenuate the nutritional value, utilization and digestibility of soybean protein, leading to digestive and metabolic diseases in animals ([@bib17]; [@bib14]; [@bib30]).

Probiotics are live microorganisms, which can confer a health benefit for the host when administered in appropriate and regular quantities ([@bib6]). Previous studies have demonstrated that the soybean meal fermented by probiotics can increase nutrient digestibility, reduce diarrhea and improve growth performance in piglets ([@bib16]; [@bib15]; [@bib20]). Microbial fermentation of soybean meal efficiently eliminates anti-nutritional factors and enhances nutrient value by producing proteolytic enzymes ([@bib15]). Currently, *Aspergillus* species are widely used to produce fermented soybean meal due to their capacity to produce multiple hydrolysis enzymes ([@bib23]; [@bib21]; [@bib11]). In addition to fungi-based fermentation, *Lactobacillus* species, particularly *Lactobacillus plantarum*, is another facultative anaerobic bacterial strain, which has also been used to ferment soybean meal ([@bib2], [@bib3]). *L. plantarum* produces lactic acid and removes trypsin inhibitor contents during fermentation, thereby increasing protein hydrolysis and liberating free amino acids ([@bib2], [@bib3]).

Other lactic acid-producing *Lactobacillus* species, including *Lactobacillus acidophilus*, *Lactobacillus delbrueckii* and *Lactobacillus salivarius* also showed beneficial effects on animals ([@bib9]; [@bib8]; [@bib10]). In addition, *Clostridium butyricum* is an anaerobic endospore-forming probiotic and has the potential to improve growth performance and immune function in animals ([@bib28]; [@bib33]). Since different bacteria strains have different enzyme activities, their capacity to degrade anti-nutritional factors and synthesize different metabolites may vary. It has also been reported that the exogenous enzyme supplementation enhances the degradation of soybean protein and inactive anti-nutritional factors in the SSF of soybean meal ([@bib18]; [@bib4]). However, to our knowledge, there have been no reports about the effects of multistrains, such as *L. acidophilus*, *L. delbrueckii*, *L. salivarius* and *C. butyricum* on SSF of soybean meal. Further, the available data concerning the interaction between exogenous proteases and probiotics in SSF of soybean meal is still scarce.

Thus, the purpose of this study was to investigate the optimal parameters of mixed SSF of soybean meal by *Lactobacillus* species and *C. butyricum* and evaluate the nutritional value in fermented soybean meal. The results provide valuable information about the fermentation of soybean meal by multiple strains and are suitable for use on an industrial scale to produce large amounts of functional fermented products.
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Materials and Methods {#sec2.1}
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**Microorganisms and culture conditions.** *L. acidophilus* (BCRC 10695), *L. delbrueckii* (BCRC 10696), and *L. salivarius* (BCRC12574) were purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). *C. butyricum* MIYAIRI 588 was purchased from Miyarisan Pharmaceutical (Tokyo, Japan). *Staphylococcus aureus* (BCRC 10780) was provided by the Department of Food Science, National Ilan University (Ilan, Taiwan). *Escherichia coli* DH5α was provided by the Department of Animal Science, National Taiwan University (Taipei, Taiwan). After thawing, *L. acidophilus*, *L. delbrueckii* and *L. salivarius* were inoculated into an Erlenmeyer flask containing De Man, Rogosa and Sharpe broth (MRS; Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 24 hours with shaking. *C. butyricum* was inoculated into an Erlenmeyer flask containing brain heart infusion broth (BHI; Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C for 48 hours with shaking. *S. aureus* and *E. coli* were grown in Luria-Bertani broth (LB; Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 18 hours with shaking.

**Solid-state fermentation.** The procured substrates including soybean meal and molasses were ground to fine powder. Each substrate was mixed with water to give the required relative moisture content in a space bag and autoclaved at 121°C for 30 min. The cooled substrates were inoculated with 3% (v/w) inoculums containing *L. acidophilus*, *L. delbrueckii*, *L. salivarius* and *C. butyricum*, mixed carefully under sterile conditions and incubated in a chamber at 37°C. To study the effects of initial moisture content and fermentation duration, fermentations were performed with different initial moisture contents (40, 45 and 50%, w/w) and different fermentation durations (2--6 days). To study the effects of exogenous protease on SSF, acid protease (0.37%, w/w) in powder form with the activity of 50 000 IU/g (Life Rainbow Biotech, Taiwan) was added at the initial moisture content of 50%. Different fermentation durations (12--48 hours) were employed to study their effects on fermented soybean meal. All experiments were performed 3 times. After fermentation, samples of fermented soybean meal were dried at 50°C for 12 hours and homogenized by mechanical agitation. The fermented powder was then stored at 4°C prior to analysis.

**Determination of CFU and spore production.** Fermented soybean meal was diluted serially in 0.85% NaCl and then plated on selective media for microbial enumeration. MRS agar was used for determination of *Lactobacillus* species and BHI agar was used for determination of *C. butyricum*. Bacterial colonies counts were statistically analyzed and expressed as colony forming units per gram (CFU/g). For determination of the number of spores, fermented soybean meal was diluted in 0.85% NaCl and then heated at 80°C for 10 min before plating on agar plates. After incubation at 37°C for 18 h, the colonies were counted and expressed as colony forming units per gram (CFU/g).

**Determination of lactic acid, pH and residual reducing sugars.** The pH level of the fermentation products was measured with the aid of a portable digital pH meter (Mettler Toledo, Greifensee, Switzerland). The content of residual reducing sugars in the supernatants of fermentation products was analyzed by a dinitrosalicylic acid method ([@bib19]), and lactic acid levels were determined by HPLC.

**Determination of antimicrobial activity.** Antimicrobial activity of fermented soybean meal was analyzed using an agar-well diffusion assay. The *S. aureus* BCRC10780 and *E. coli* DH5α were used as indicator organisms for the determination of antimicrobial activity. Fermented soybean meal was diluted in 0.85% NaCl and transferred into a well in the lysogeny broth agar (LB agar; Sigma-Aldrich, St. Louis, MO, USA) containing *S. aureus* BCRC10780 or *E. coli* DH5α. The plates were incubated at 37°C for 24 h and then examined for zones of inhibition. The control discs were impregnated with ampicillin.

**Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.** The crude protein extracts from fermented soybean meal were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 (CBB R-250; Sigma-Aldrich, St. Louis, MO, USA) to visualize total protein contents.

**Thin layer chromatography.** Sucrose, raffinose and stachyose standards were purchased from Sigma (St. Louis, MO, USA) and dissolved in 80% aqueous ethanol. The fermentation products were dissolved in 80% ethanol and then heated at 70°C for 1 hour. After cooling, the supernatant of the fermentation products was centrifuged at 10 000 rpm for 10 minutes. Standards and samples were applied on a silica gel plate (Merck Silica Gel 60F 254, Darmstadt, Germany) and developed in a propanol, acetic acid, and water mixture (1:1:0.1). The plates were sprayed with α-naphthol, phosphoric acid, and ethanol mixture (1:100:900, g/v/v), followed by heating in an oven to detect saccharides.

**Statistical analysis.** All experimental data were analyzed by ANOVA using the general linear model (GLM) procedure of SAS (SAS Institute, Cary, NC, USA). Duncan's new multiple range test was used to evaluate the differences between means. P values of less than 0.05 were considered statistically significant.
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**Optimization of mixed SSF on soybean meal-based medium.** Since initial moisture content of fermentation is critical for microorganism growth in SSF, we first investigated the relation between initial moisture content and fermentation duration on soybean fermentation by *Lactobacillus* species (*L. acidophilus*, *L. delbrueckii* and *L. salivarius*) and *C. butyricum.* The results showed that 50% initial moisture had the highest bacterial growth compared with other initial moisture contents (Fig. [1A](#fig1){ref-type="fig"}). Similarly, the effect of different initial moisture content on bacterial growth was observed for different fermentation durations (Fig. [1A](#fig1){ref-type="fig"}). The highest water content of fermented soybean meal was also found at the initial moisture of 50% in SSF (Fig. [1B](#fig1){ref-type="fig"}). The lactic acid levels of fermented soybean meal increased linearly with the increased initial percentage of moisture (Fig. [1C](#fig1){ref-type="fig"}). Consistently, the pH of the fermented soybean meal was negatively correlated with the initial percentage of moisture (Fig. [1D](#fig1){ref-type="fig"}). Furthermore, the reducing sugar content in fermented soybean meal was significantly reduced at the initial moisture of 50% in SSF (Fig. [1E](#fig1){ref-type="fig"}). Similar results were also found for different fermentation durations (Fig. [1E](#fig1){ref-type="fig"}).

![Effect of different initial moisture and fermentation duration on the soybean meal-based medium in SSF.\
(A) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on colony forming units (CFU) of probiotics in the fermented soybean meal. (B) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on water contents of the fermented soybean meal. (C) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on lactic acid level of the fermented soybean meal. (D) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on pH level of the fermented soybean meal. (E) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (0 day; 0D, 2 days; 2D, 4 days; 4D; 6 days; 6D) on reducing sugar contents of the fermented soybean meal. Values are expressed as mean ± SD (n = 3). ^a-c^Means in the same superscript followed by different letters are significantly different (p \< 0.05).](pjm-67-3-297-g001){#fig1}

We then examined whether the different initial percentage of moisture and fermentation duration have an impact on the degradation of soybean oligosaccharides in SSF. The results showed that soybean oligosaccharides, including raffinose and stachyose were more efficiently degraded at the initial moisture of 50% compared with other initial moisture contents (Fig. [2A](#fig2){ref-type="fig"}). In addition, two days of SSF was sufficient to degrade soybean oligosaccharides compared with four and six days of SSF (Fig. [2A](#fig2){ref-type="fig"}). Furthermore, we investigated whether the different initial percentage of moisture and fermentation duration could affect the degradation of soybean crude protein in SSF. Consistently, two days of fermentation duration in combination with 50% of initial moisture content in SSF was sufficient to degrade soybean crude proteins compared with other conditions (Fig. [2B](#fig2){ref-type="fig"}, indicated by an arrow). After six days of fermentation, degradation of soybean proteins was achieved at almost all initial moisture conditions (Fig. [2B](#fig2){ref-type="fig"}, indicated by an arrow). Taken together, these results demonstrate that the ideal initial percentage of moisture and fermentation duration in mixed SSF of soybean meal by *Lactobacillus* species and *C. butyricum* are initial moisture of 50% and two days of fermentation. Therefore, 50% moisture level was selected as the optimum parameter for the proliferation of multiple strains of probiotics and used for the next optimization process.

![Effect of different initial moisture content and fermentation duration on soy carbohydrate contents and soy protein contents of the fermented soybean meal.\
(A) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on disaccharide (sucrose) and soy oligosaccharide (raffinose and stachyose) contents of the fermented soybean meal. (B) Effect of different initial moisture (40%, 45% and 50%) and fermentation duration (2 days; 2D, 4 days; 4D; 6 days; 6D) on soy protein of the fermented soybean meal. M represents the standard protein marker. Three experiments were carried out, and one representative result is shown.](pjm-67-3-297-g002){#fig2}

**Effect of mixed probiotics in combination with protease supplementation on SSF of soybean meal.** We further tested whether proteases and probiotics could further improve the nutritional value of soybean meal at the initial moisture of 50% and two days of SSF. The results showed that bacterial growth was further increased in the presence of both proteases and probiotics in SSF of soybean meal from 12 hours to 48 hours of fermentation compared with probiotics supplementation alone (Fig. [3A](#fig3){ref-type="fig"}). The spore production was further elevated in the presence of both proteases and probiotics from 36 to 48 hours of fermentation compared with probiotics alone (Fig. [3B](#fig3){ref-type="fig"}). The additive effect of proteases and probiotics on the water content of fermented soybean was only observed at 48 hours of SSF (Fig. [3C](#fig3){ref-type="fig"}). Probiotics and protease supplementation further increased the lactic acid levels of fermented soybean meal compared with probiotics supplementation alone (Fig. [3D](#fig3){ref-type="fig"}). The pH of fermented soybean meal was significantly elevated by protease supplementation compared with probiotics supplementation alone, while the pH of fermented soybean meal was further decreased in the presence of both probiotics and protease supplementation (Fig. [3E](#fig3){ref-type="fig"}). Similar to previous results, probiotics supplementation significantly reduced the reducing sugar content in fermented soybean in SSF (Fig. [3F](#fig3){ref-type="fig"}). However, the reducing sugar content was further remarkably decreased in the presence of both probiotics and protease supplementation (Fig. [3F](#fig3){ref-type="fig"}).

![Effect of different treatments and fermentation duration on the soybean meal-based medium in SSF.\
(A) Effect of probiotics (*Lactobacillus* species and *C. butyricum*) and combination (probiotics in combination with proteases), and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on colony forming units (CFU) of probiotics of the fermented soybean meal. (B) Effect of probiotics and combination, and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on spore production by probiotics of the fermented soybean meal. (C) Effect of probiotics, proteases and combination, and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on water contents of the fermented soybean meal. (D) Effect of probiotics, combination and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on lactic acid level of the fermented soybean meal. (E) Effect of probiotics, proteases, combination, and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on pH level of the fermented soybean meal. (F) Effect of probiotics, proteases and combination, and fermentation duration (12 hours; 12, 24 hours; 24, 36 hours; 36; 48 hours; 48) on reducing sugar contents of the fermented soybean meal. Values are expressed as mean ± SD (n = 3). ^a-c^Means in the same superscript followed by different letters are significantly different (p \< 0.05).](pjm-67-3-297-g003){#fig3}

We then examined whether proteases and probiotics could affect the degradation of soybean oligosaccharides in SSF. As expected, probiotics supplementation significantly promoted oligosaccharide degradation in fermented soybean meal from 12 to 48 hours of SSF (Fig. [4A](#fig4){ref-type="fig"}). However, protease supplementation did not affect the degradation of soybean oligosaccharide in fermented soybean meal in SSF (Fig. [4A](#fig4){ref-type="fig"}). In addition, supplementation of both proteases and probiotics in SSF did not further increase the degradation of soybean oligosaccharide in fermented soybean meal in SSF (Fig. [4A](#fig4){ref-type="fig"}). Furthermore, we investigated whether supplementation of both proteases and probiotics in SSF could affect the degradation of soybean crude protein in SSF. Similar to previous findings, probiotics supplementation gradually degraded soybean proteins during the fermentation (Fig. [4B](#fig4){ref-type="fig"}, indicated by an arrow), whereas protease supplementation alone did not have a significant effect on the degradation of soybean crude proteins. Furthermore, the degradation of soybean protein was rapidly achieved in the presence of both proteases and probiotics at the early stage of SSF (Fig. [4B](#fig4){ref-type="fig"}, indicated by an arrow). In addition, we also demonstrated that fermented soybean meal harvested from two days of SSF with supplementation of proteases and probiotics showed antimicrobial activity against *S. aureus* (Fig. [5A](#fig5){ref-type="fig"}) and *E. coli* (Fig. [5B](#fig5){ref-type="fig"}) compared with ampicillin. These results suggest that the supplementation of both proteases and probiotics in SSF is able to improve the nutritional value of fermented soybean meal.

![Effect of different treatments and fermentation duration on soy carbohydrate contents and soy protein contents of the fermented soybean meal.\
(A) Effect of different treatments (probiotics, protease and combination) and fermentation duration (12 hours; 12 h, 24 hours; 24 h, 36 hours; 36 h; 48 hours; 48 h) on disaccharide (sucrose) and soy oligosaccharide (raffinose and stachyose) contents of the fermented soybean meal. (B) Effect of different treatments (probiotics, protease and combination) and fermentation duration (12 hours; 12 h, 24 hours; 24 h, 36 hours; 36 h; 48 hours; 48 h) on soy protein of the fermented soybean meal. M represents the standard protein marker. Three experiments were carried out, and one representative result is shown.](pjm-67-3-297-g004){#fig4}

![Assessment of antimicrobial activity of the fermentation product.\
(A) Antimicrobial activity of the fermented soybean meal against *S. aureus* compared with ampicillin (AMP). Three experiments were carried out, and one representative result is shown. (B) Antimicrobial activity of the fermented soybean meal against *E. coli* compared with ampicillin (AMP). 1, 2 and 3 represent the antimicrobial results from three independent fermentation experiments.](pjm-67-3-297-g005){#fig5}
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In this study, we demonstrated that the optimal initial percentage of moisture and fermentation duration for *L. acidophilus*, *L. delbrueckii*, *L. salivarius*, and *C. butyricum* was 50% and two days in SSF of soybean meal. Supplementation of exogenous protease in combination with probiotics further improved the SSF of soybean meal. Fermented soybean meal was able to inhibit the growth of *S. aureus* and *E. coli* in vitro.

The initial moisture content of dry substrates is a critical factor in the proliferation of bacteria ([@bib30]). It has been reported that initial moisture content of 50% in SFF increases the growth of *L. plantarum* ([@bib22]). The maximum viable counts of *L. reuteri* was observed at an initial moisture content of 50% in SSF ([@bib33]). Similarly, we herein found that the maximum viable counts of probiotics were achieved at the initial moisture content of 50% in SSF of soybean meal by *Lactobacillus* species and *C. butyricum*. Moreover, prolonged fermentation duration did not significantly improve bacterial growth in SSF of soybean meal. This result was in accord with the previous studies ([@bib22]; [@bib29]; [@bib33]). The correlation between initial moisture content, water content and viable counts of bacteria in fermented soybean meal in SSF are relatively less studied. Here, we found that initial moisture content was strictly associated with water content in fermented soybean meal. However, the water content in fermented soybean meal was not positively correlated with viable counts of probiotics, particularly after six days of fermentation. It seems that an optimal range of water content for bacteria growth may occur in SSF of soybean meal. It has been reported that the pH of the fermented product shows a gradual drop in the initial stage of fermentation and then remains steady ([@bib29]; [@bib33]). In the present study, we used *Lactobacillus* species and *C. butyricum* to ferment the soybean meal and demonstrated that the lactic acid production was linearly increased at the same initial moisture content during the fermentation. The pH value of fermented soybean meal was also consistently decreased at the same initial moisture content after six days of fermentation. These results are similar to the previous findings that lactic acid content increased with increasing initial moisture content during SSF, while the pH value decreased ([@bib9]; [@bib29]). Since *C. butyricum* also could reduce pH value in the fermented products by producing butyric acid during fermentation ([@bib32]), the concentration of butyric acid during SSF of soybean meal in the present study remains to be further examined. It has been shown that residual reducing sugar content is negatively associated with viable counts of bacteria in SSF ([@bib33]). Our findings were generally in line with an earlier report that lower reducing sugar content indicates that the bacteria proliferated more rapidly ([@bib33]).

Several reports have demonstrated that microbes could produce a variety of enzymes during fermentation and these enzymes could degrade the soybean oligosaccharides and crude proteins ([@bib15]; [@bib1]). We also found that soybean oligosaccharides and crude protein content decreased with increasing initial moisture content in SSF, implying that some hydrolytic enzymes were produced by *Lactobacillus* species or *C. butyricum*. It has been demonstrated that protease supplementation significantly improved the nutritional value of soybean meal in SSF by degradation of the large molecular weight of soybean protein ([@bib26]). The proteases are classified into acidic, neutral and alkaline proteinase according to its optimum pH value. Since *Lactobacillus* species are lactic acid-producing probiotics, we then used acidic protease in the present study. Similar to a previous study ([@bib26]), we found that the viable counts of bacteria were significantly increased in the presence of both protease and probiotics. It is possible that amino acids hydrolyzed from soybean proteins by exogenous protease were efficiently utilized by bacteria for growth. Our results including lactic acid production, pH value, residual reducing sugar content and degradation of soybean crude protein supported this hypothesis. Herein, we also found that the spore production of *C. butyricum* was further increased in the presence of both proteases and probiotics in SSF. These results may contribute to the *Lactobacillus* species becoming the dominant strains at the final stage of fermentation and then create a more acidic environment by lactic acid production. Thus, the increased spore production of *C. butyricum* was achieved to resist the harsh environment at the later stages of fermentation. In addition, the more acidic environment caused by *Lactobacillus* species during fermentation also further enhanced the enzyme activity of exogenous acid proteinase. Therefore, the degradation of soybean protein was greatly increased in the presence of both protease and probiotics in SSF compared with supplementation of protease or probiotics alone.

A previous study reported that the pH value was elevated linearly with increased levels of protease supplementation in SSF ([@bib26]). In the present study, we also observed that protease supplementation alone in SSF also consistently increased the pH value.

It has been reported that increased antimicrobial activity of fermented product is mainly due to bacterial metabolites, including acidic substances and bacteriocins ([@bib12]). Lactic acid from *Lactobacillus* species is able to inhibit the synthesis of bacterial proteins ([@bib27]). *C. butyricum* also can reduce pH value to inhibit the growth of pathogens by producing butyric acid ([@bib32]). In the current study, the lactic acid production was linearly increased during fermentation and the fermented soybean meal also possessed antimicrobial activity. Thus, it is possible that the antimicrobial activity in the fermented soybean meal might contribute to lactic acid or butyric acid, although the butyric acid production was not measured in our study.

The multistrain probiotics for fermentation have been reported to be more effective than monostrain probiotics, but related research or products are limited ([@bib25]; [@bib7]). The previous research reported that the viable counts of *Lactobacillus* species were significantly increased when *Bacillus subtilis* was added to the solid substrate ([@bib33]). *B. subtilis* followed by *Enterococcus faecium* supplementation effectively improved the quality of corn-soybean meal mixed feed ([@bib24]). Further, fermented soybean meal using multistrain probiotics in combination with protease supplementation improved the nutritional value of soybean meal ([@bib26]). Here, we also demonstrated that SSF by multistrain probiotics also has beneficial effects. Whether the anti-nutritional factors, such as trypsin inhibitor are reduced in SSF and the effects of fermented soybean meal on animals remain to be further investigated.

In conclusion, our results showed that the optimal initial moisture content and fermentation duration for mixed SSF of soybean meal is 50% of initial moisture and two days fermentation. The exogenous protease supplementation in mixed SSF of soybean meal was able to improve the nutritional value of fermented soybean meal.

This work was supported by the Ministry of Science and Technology (MOST 105-2622-B-197-001-CC2) in Taiwan.

[^1]: These authors contributed equally to this work.
